emen analysis is the cornerstone of the evaluation of infertile men. Semen volume and pH level are an index of seminal vesicle and prostate function. Sperm concentration, motility and morphology are largely determined by testicular function and, to a lesser extent, by post-testicular (e.g., epididymal) genital tract function. Although fertile men as a group have higher mean sperm parameters (concentration, motility and morphology) than do infertile men, there is significant overlap between these groups.
are impaired. 6, 7 There is now clinical evidence to show that damage to human sperm DNA may adversely affect reproductive outcomes and that spermatozoa of infertile men possess substantially more DNA damage than do spermatozoa of fertile men. [1] [2] [3] 8 However, our understanding of the causes of sperm DNA damage and the full impact of this sperm defect on reproductive outcomes remains rudimentary.
In this review, we will outline our current understanding of how sperm DNA is organized, what causes sperm DNA damage, what impact this damage may have on reproductive capacity and whether tests of sperm DNA damage are clinically useful.
Human sperm DNA and chromatin structure
Unlike the relatively loose structure of chromatin (DNA and nuclear proteins) in somatic cells, sperm chromatin is tightly compacted because of the unique associations between the DNA and sperm nuclear proteins (predominantly highly basic proteins known as protamines; see Fig. 1 ). 9, 10 During the later stages of spermatogenesis, the spermatid nucleus is remodelled and condensed, which is associated with the displacement of histones by transition proteins and then by protamines. 11 The DNA strands are tightly wrapped around the protamine molecules (about 50 kb of DNA per protamine), forming tight and highly organized loops. 10 Inter-and intramolecular disulfide cross-links between the cysteine-rich protamines are responsible for the compaction and stabilization of the sperm nucleus. It is thought that this nuclear compaction is important to protect the sperm genome from external stresses such as oxidation or temperature elevation.
12
The current understanding is that sperm chromatin is tightly packaged by protamines, but up to 15% of the DNA remains packaged by histones at specific DNA sequences (i.e., there is a nonrandom association between histones and DNA sequences). 13 The histone-bound DNA sequences are less tightly compacted, and it is thought that these DNA sequences or genes may be involved in fertilization and early embryo development. 13 The retained histones are associated with the nuclear periphery and with telomeres ( Fig. 1) .
14 Infertile men, as compared with fertile controls, have an increased sperm histone : protamine ratio.
11, 15 An excess of nuclear histones (> 15%) results in poorer chromatin compaction and a subsequent increased susceptibility to external stresses (e.g., oxidation or temperature elevation in the female reproductive tract).
Although the bulk of the sperm DNA is in the nucleus, a small fraction is of mitochondrial origin (within the sperm midpiece; see Fig. 1 ). The sperm mitochondrial DNA is a small, circular DNA that is not bound to proteins. 16 Mitochondrial DNA exhibits a high rate of mutation.
17 Sperm motility is related to the mitochondrial volume within the sperm midpiece, and mutations or deletions in the mitochondrial DNA have been associated with reduced sperm motility. 17 Although inheritance of mitochondrial DNA is primarily maternal, paternal transmission of mitochondrial DNA mutations have been reported (but no more than 1% of inheritance). 18 The examination of mitochondrial DNA may gain some importance in the evaluation of male infertility, particularly in relation to assisted reproductive technologies.
Causes of sperm DNA damage
The causes of sperm DNA damage, much like those of male infertility, have many factors and may be attributed to intraor extratesticular factors. Sperm DNA damage is clearly associated with male infertility (and abnormal spermatogenesis), but a small percentage of spermatozoa from fertile men also possesses detectable levels of DNA damage.
2,3,8
An important subset of infertile men (about 5%-15%), but not of fertile men, possess a complete protamine deficiency. 15, 19 Studies on transgenic animal models with targeted protamine deficiency suggest a link between protamine deficiency, sperm DNA damage and poor fertilizing capacity during in vitro fertilization (IVF).
7 A single case report indicated that a febrile illness can cause a transient increase in the nuclear histone : protamine ratio and associated abnormalities of sperm chromatin structure. 20 This association between sperm DNA damage and protamine deficiency suggests that the damage may be due to a defect in spermiogenesis (the period during which sperm protamines are deposited).
Sperm DNA damage has been associated with high levels of reactive oxygen species, high levels of which have been detected in the semen of 25% of infertile men. 21 Although low levels of reactive oxygen species are necessary for normal sperm function, high levels are generated by defective spermatozoa and by semen leukocytes, which results in sperm dysfunction. The association between sperm DNA damage and sperm-derived reactive oxygen species suggests that DNA damage may be caused by a defect in spermiogenesis, 22 whereas the association between sperm DNA damage and leukocyte-derived reactive oxygen species suggests that the DNA damage may be caused by a post-testicular defect.
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Sperm DNA damage may be due to apoptosis (programmed cell death), although this theory has been challenged. 24, 25 Apoptosis during normal spermatogenesis results in the destruction of up to 75% of potential spermatozoa. The selective apoptosis of these early germ cells prevents overproliferation of the cells and selectively aborts abnormal sperm forms. 26 Sakkas and colleagues have proposed that some of the spermatozoa with DNA damage have initiated and subsequently escaped apoptosis ("abortive apoptosis"). 24 Advancing age and gonadotoxins (e.g., cancer therapies) have been associated with reduced levels of germ cell apoptosis in the testicle and an increased percentage of ejaculated spermatozoa with DNA damage, which suggests that in these men both spermatogenesis and apoptosis have been disrupted. The human sperm. The sperm head contains the nucleus (DNA and proteins) and the acrosome (a vesicle rich in hydrolytic enzymes involved in egg penetration). Within the sperm nucleus, there is a histone-rich region that is localized peripherally and a protamine-rich region localized centrally. The sperm midpiece represents the proximal part of the sperm tail and is rich in mitochondria.
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Drugs, chemotherapy and radiation therapy
Young men with cancer (e.g., Hodgkin's lymphoma and testicular cancer) typically have poor semen quality and sperm DNA damage, even before cancer therapy. They then experience cumulative dose-related damage during therapy, which often renders them completely sterile. 29, 30 The rapidly dividing germinal epithelium of the testis is a natural target for cytotoxic medications. Radiation therapy and chemotherapy inflict similar damage and are dependent on both duration and dose of exposure. 31, 32 The recovery of spermatogenesis may occur months to years after therapy, but evidence of sperm DNA damage may often persist beyond that period.
33
The risk of persistence of germline DNA damage is a cause of concern for many people with cancer. Although there is not much clinical evidence, most clinicians will counsel patients to delay parenthood until 12-24 months after cancer treatment. Patients who are scheduled to undergo definitive cancer therapy (e.g., surgery, chemotherapy, radiation therapy) are strongly encouraged to have their sperm preserved for future use.
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Cigarette smoking and environmental toxins
Studies have shown that cigarette smoking is associated with a decrease in sperm counts and motility and an increase in abnormal sperm forms and sperm DNA damage. 35 It is suggested that smoking causes increased production of leukocyte-derived reactive oxygen species, which has adverse effects on mature sperm. 35 Exposure to pesticides (organophosphates) and air pollution has also been associated with increased levels of sperm DNA damage.
36,37
Genital tract inflammation
Post-testicular genital tract infection and inflammation (e.g., combined inflammation of the epididymis and testis or of the prostate gland) result in leukocytospermia and have been associated with increased levels of reactive oxygen species and subsequent sperm DNA damage.
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Testicular hyperthermia
A febrile illness has been shown to cause an increase in the histone : protamine ratio and DNA damage in ejaculated spermatozoa. 20 Direct testicular hyperthermia has also been shown to cause these effects. 29, 30 Certain behaviours have been associated with increased scrotal temperatures (e.g., use of hot baths, saunas, down-filled blankets, laptop computers and prolonged periods of driving).
39 Although the specific effects on sperm parameters or pregnancy outcomes have not been demonstrated, certain professions have been associated with poorer sperm quality. Farmers, painters and varnishers have been shown to have an increased likelihood of decreased sperm counts, whereas metal workers and welders have been shown to have reduced sperm motility. 40 Corroborative studies on sperm DNA damage are still lacking.
Varicoceles
Varicoceles have been associated with sperm DNA damage.
41
The level of sperm DNA damage is related to the high levels of oxidative stress found in the semen of infertile men with this condition. 41 Recent studies have demonstrated that varicoceles are associated with the abnormal retention of sperm cytoplasmic droplets (a morphologic feature associated with high levels of reactive oxygen species) and that these retained droplets are correlated with sperm DNA damage in infertile men. 42, 43 Furthermore, sperm DNA integrity has been shown to improve after varicocele repair.
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Hormonal factors
Experimental evidence has demonstrated that hormonal deficiency can cause sperm chromatin defects. Compared with wild-type mice, follice-stimulating-hormone-receptor knockout mice have been found to have lower levels of sperm nuclear protamines and lower testosterone, impaired fertility and higher levels of DNA damage.
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Tests of sperm DNA damage
Many tests of sperm DNA damage are now available. The use of these tests has been driven largely by the growing use of assistive reproductive technologies and an awareness that the integrity of the male genome plays an important role in IVF.
Sperm DNA damage can be measured directly (fragmenta- 47, 48 The sperm chromatin structure assay uses flow cytometry to estimate the percentage of spermatozoa with DNA denaturation (spermatozoa are stained with acridine orange).
2-4 Nuclear protein levels are assessed by means of protein extraction, gel separation and immunoblotting with specific antibodies.
49
Effect of sperm DNA damage on reproductive outcomes
The integrity of the sperm DNA may be tested to predict pregnancy outcomes in couples who do not know their fertility potential (i.e., first pregnancy). Couples in whom the man has a high percentage of spermatozoa with DNA damage have very low potential for natural fertility 2,3 and will have to wait a long time before conceiving. 50 Couples whose pregnancy resulted in miscarriage demonstrate a trend toward poorer sperm DNA integrity compared with highly fertile couples.
2
With the advent of IVF and intracytoplasmic sperm injection (ICSI); (the direct injection of sperm DNA, damaged or otherwise, into an oocyte), the concern over using damaged DNA has become apparent. In natural conception, a DNAdamaged sperm would likely be unsuccessful in fertilizing an egg. Human spermatozoa that bind to oviduct (fallopian tube) cells have better DNA integrity than spermatozoa that do not bind to these cells, which suggests that nature can select spermatozoa with enhanced DNA integrity during natural fertilization. 51 However, assistive reproductive technologies bypass this selection process, which may result in the inadvertent use of DNA-damaged spermatozoa.
Numerous studies have examined the possible influence of sperm DNA integrity on reproductive outcomes after both standard IVF and IVF/ICSI (Table 2 ). There is no consistent relation between sperm DNA damage and fertilization rates during IVF or IVF/ICSI. [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] Neither fertilization nor early embryo development is dependent on sperm DNA integrity, since the embryonic genome is not expressed until after the second cleavage division (i.e., at the 4-cell embryo). 66 There is also no consistent relation between sperm DNA damage and embryo quality after ICSI (roughly half of the studies have shown an adverse effect of DNA damage on embryo quality). However, high levels of sperm DNA damage are inversely related to pregnancy rates in most, but not all, studies. *↓ = sperm DNA damage is associated with poor reproductive outcome, 0 = sperm DNA damage has no effect on reproductive outcome. †The atypical results may be due to the high proportion of couples with female factor infertility.
embryo development and poor pregnancy outcomes. This is probably because the stringent process of sperm and embryo selection during ICSI will mitigate the potential adverse effects of sperm DNA damage on reproductive outcomes.
6
It is now known that IVF/ICSI is associated with an increased (although relatively low) risk of birth defects and genetic and epigenetic abnormalities in the child. To date, it is unclear whether it is the ICSI procedure or the underlying infertility that is responsible for these defects. [67] [68] [69] [70] The risk of birth defects (major and minor) was found to be significantly higher (odds ratio ~1.5) among children conceived through IVF/ICSI than among naturally conceived children. 67, 71 The prevalence of chromosomal abnormalities (de novo abnormalities) was found to be significantly higher (1.6%/0.5%) among children conceived through ICSI than among naturally conceived children. 70 Epigenetic abnormalities, such as errors in DNA methylation, have been linked to certain rare genetic diseases (Beckwith/Wiedemann and Angelman's syndromes) and, while still rare, are found in slightly higher numbers among children conceived through IVF/ICSI than among naturally conceived children.
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To date, the short-and long-term ramifications of successful fertilization and development with DNA-damaged spermatozoa are unknown. Clearly, the understanding that sperm DNA damage is common in infertile men, together with the concerning preliminary reports on genetic and epigenetic abnormalities in children conceived through ICSI, urge us to explore the subject of sperm DNA damage further. DNA that possesses measurable damage (specifically, DNA oxidation) may cause misreading errors to occur during DNA replication, and this might cause de novo mutations. 73 Although the concept has not been tested in the context of mammalian reproduction, we cannot dismiss the possibility that successful fertilization with DNA-damaged sperm may cause de novo mutations in the offspring (despite the ability of the oocyte and embryo to repair this DNA damage). 6 For example, studies have found that children of fathers who smoked cigarettes preconceptually have a higher risk of childhood cancers than do children of nonsmoking fathers. 74 These studies suggest that there may be a link between sperm DNA damage and the subsequent development of childhood diseases.
Clinical value of tests of sperm DNA damage
Based on the current evidence, the clinical indications for tests of sperm DNA damage as follows:
• Counselling people who are planning their first pregnancy: these tests (especially the sperm chromatin structure assay) are good predictors of negative pregnancy outcomes. 2, 3 If the male partner has high levels of sperm DNA damage, the couples should consider advanced forms of assisted reproduction (IVF or ICSI) to achieve a pregnancy.
• Counselling people planning to undergo intrauterine insemination: these tests (especially the sperm chromatin structure assay) are good predictors of negative pregnancy outcome.
59
If the male partner has high levels of sperm DNA damage, the couple should consider IVF or ICSI instead.
• Counselling people planning to undergo IVF or ICSI: these tests are only fair predictors of negative or positive pregnancy outcomes. 58, 59, 61, 62 • Conducting reproductive toxicology studies and longitudinal studies: these tests (especially the sperm chromatin structure assay) are objective, highly reproducible (much more so than conventional semen parameters) and can be performed on frozen samples.
• Monitoring the potential risk to offspring: these tests can be used, but the optimal test for this purpose is not known. Further study using longer follow-up periods is necessary to ascertain the real risk of birth defects and the potential future development of genetically linked diseases.
Summary
Successful human reproduction depends in part on the inherent integrity of the sperm DNA. There appears to be a threshold of sperm DNA damage beyond which embryo development and subsequent pregnancy outcome are impaired. Clinical evidence now shows that sperm DNA damage is detrimental to reproductive outcomes and that the spermatozoa of infertile men possess substantially more DNA damage than do the spermatozoa of fertile men. However, our understanding of the causes of sperm DNA damage and the full impact of this sperm defect on reproductive outcomes in humans remains rudimentary. Additional studies are needed to fully define the clinical value of testing of sperm DNA damage.
